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METHOD OF DELAMINATING AGGREGATED PARTICLES WITH A 
COATING AGENT IN A SUBSTANTIALLY SUPERCRITICAL FLUID 

FIELD OF THE INVENTION 
[0001] The present invention relates to delaminating aggregated particles of 

silicate, nanoplatelet, nanofiber, or nanotube structures. The delaminated structures 

are useful for mixing with a polymer to produce a reinforced polymer having 

improved properties. 

BACKGROUND OF THE INVENTION 
[0002] The use of plastics in various industries has been steadily increasing 
due to their light weight and continual improvements to their properties. For 
example, in the automotive industry, polymer-based materials may comprise a 
significant portion, e.g., at least 15 percent, of a given vehicle's weight. These 
materials are used in various automotive components, such as, interior and exterior 
trim and side panels. As the industry seeks to improve fuel economy, more steel 
and aluminum parts may be targeted for replacement by polymer-based materials. 
[0003] For example, improvements in the mechanical properties of polymers 

are desired in order to meet more stringent performance requirements. Such 
mechanical properties include stiffness, dimensional stability, modulus, heat 
deflection temperature, barrier properties, and rust and dent resistance. Improved 
mechanical properties may reduce manufacturing costs by reducing the part 
thickness and weight of the manufactured part and the manufacturing time thereof. 
[0004] There are a number of ways to improve the properties of a polymer, 

including reinforcement with particulate fillers or glass fibers. It is known that 
polymers reinforced with nanometer-sized platelets or particles of layered silicates or 
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clay can significantly improve the mechanical properties at much lower loading than 
conventional fillers. (See U.S. Patent No. 6,469,073 issued to Manke et al. (2002).) 
This type of composite is termed a "nanocomposite." More specifically, polymer- 
silicate nanocomposites are compositions in which nano-sized particles of a layered 
silicate, e.g., montmorillonite clay, are dispersed into a thermoplastic or a thermoset 
matrix. The improvement in mechanical properties of nanocomposites is believed to 
be due to factors such as the increased surface area of the particles. 
[0005] In its natural state, clay is made up of stacks of individual particles held 
together by ionic forces. The spacing between the layers is in the order of about 1 
nanometer (nm) which is smaller than the radius of gyration of typical polymers. 
Consequently, there is a large entropic barrier that inhibits the polymer from 
penetrating this gap and intermixing with the clay. (V. Ginzburg et al., 
Macromolecules, 200, 33, 1089-1099.) Organically treated clays have been 
achieved by performing intercalation chemistry to exchange a naturally occurring 
inorganic cation with a bulky organic cation. 

[0006] In one process, a number of steps are involved in producing reinforced 
polymers or polymer nanocomposites. The first step involves a process of 
conditioning or preparing the clay to make it more compatible with a selected 
polymer. The conditioning step is performed because the clay is generally 
hydrophilic and many polymer resins of interest are hydrophobic, thus rendering the 
two relatively incompatible. A cation exchange is then performed to exchange a 
naturally occurring inorganic cation with an organic cation. In addition, this process 
may increase the interlayer spacing between each particle, lessening the attractive 
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forces between them. This allows the clay to be compatible with the polymer for 
subsequent polymerization or compounding. This preparatory step is known as 
"cation exchange." Typically, cation exchange is performed with a batch reactor 
containing an aqueous solution wherein an organic molecule, usually an alkyl 
ammonium salt, is dissolved into water along with the clay particles. The reactor is 
then heated. Once ion exchange takes place, the clay particles precipitate out and 
are then dried. 

[0007] Depending on the polymer, a monomer may be further intercalated into 
the clay galleries. The organically modified clay is then ready for melt compounding 
to combine the clay with the polymer to make a workable material. Both the 
polymerization step and the melt compounding step involve known processing 
conditions in which the particles disperse and exfoliate in the polymer. 
[0008] Recently, near-critical fluids (see U.S. Patent No. 5,877,005 to Castor 

et al.) supercritical fluids have been proposed as candidate media for polymerization 
processes, polymer purification and fractionation, and as environmentally preferable 
solvents for coating applications and powder formation. (F.C. Kirby, M.A. McHugh, 
Chem. Rev., 99, 565-602, (1999).) Moreover, supercritical carbon dioxide has been 
used as a processing aid in the fabrication of composite materials. (T.C.Caskey, 
A.S.Zerda, A.J. Lesser, ANTEC, 2003, 2250-2254 (2000).) Generally, any gaseous 
compound becomes supercritical when compressed to a pressure higher than its 
critical pressure (Pc) above its critical temperature (Tc). One of the unique 
characteristics which distinguish supercritical fluids from ordinary liquids and gases 
is that some properties are tunable simply by changing the pressure and 
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temperature. For example, while maintaining liquid characteristic densities constant, 
supercritical fluids generally experience faster diffusivity and lower viscosity than a 
liquid. 

[0009] Supercritical fluids have been used for delaminating layered silicate 
materials. (See U.S. Patent No. 6,469,073 issued to Manke et al. (2002) and U.S. 
Patent Application Publication No. US 2002/0082331 A1 to Mielewski et al. (2002).) 
For example, in U.S. Patent No. 6,469,073, original layered clay structures are 
swelled or intercaled with supercritical fluid medium to increase the spacing and 
weakening the bonds between the layers. Upon depressurization, the drastic 
volume change of the fluid mechanically spreads the layers pushing them apart. 
The depressurization results in the delaminated structure. 

[0010] However, there are at least three possible scenarios following the 
depressurization step. If the layered structure is maintained, the spacing between 
the layers may increase, may remain the same due to reformation of the weak 
bonds, or may decrease due to the relaxation and reorganization of organic 
moieties. 

[0011] Thus, there is a need to more effectively delaminate particles of 
silicate, nanoplatelet, nanofiber, or nanotube structures which may be processed 
with polymers to enhance properties thereof. 

BRIEF SUMMARY OF THE INVENTION 
[0012] The present invention generally provides a system and method of 
delaminating aggregated particles of natural silicate, nanoplatelet, nanofiber, or 
nanotube structures with a coating agent solubilized in a substantially supercritical 
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fluid. The particles may be implemented to reinforce materials such as polymers for 
enhanced mechanical, chemical, barrier and fire retardancy properties of the 
polymer. 

[0013] In one embodiment, the method comprises diffusing a coating agent in 
a substantially supercritical fluid between the aggregated particles. The method 
further comprises catastrophically depressurizing the substantially supercritical fluid 
to form delaminated particles. 

[0014] In another embodiment, the present invention includes a method of 
preparing a reinforced polymer. The method comprises diffusing a coating agent in 
a substantially supercritical fluid between aggregated particles of silicate, 
nanoplatelet, nanofiber, or nanotube structures defining contacted particles. The 
method further comprises catastrophically depressurizing the contacted particles to 
exfoliate the contacted particles and reduce reaggregation of the structures. The 
coating agent is precipitated from the substantially supercritical fluid and deposited 
on the contacted particles during depressurization defining delaminated particles. 
The method further comprises processing the delaminated particles with a miscible 
polymer or an immiscible polymer to form delaminated particle-polymer 
nanocomposites defining the reinforced polymer. 

[0015] In another embodiment, the method comprises diffusing aggregated 
particles of a silicate, nanoplatelet, nanofiber, or nanotube structures with a coating 
agent solubilized in a substantially supercritical fluid to intercalate the coating agent 
between the aggregated particles defining contacted particles. The method further 
comprises catastrophically depressurizing the contacted particles to exfoliate the 
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contacted particles and reduce reaggregation of the structures. The coating agent is 
precipitated from the depressurized fluid and deposited on the contacted particles 
during depressurization, defining delaminated particles. The method further 
comprises processing the delaminated particles with one of a missible polymer or an 
immisible polymer to form delaminated particle-polymer nanocomposites and 
applying an external field to orient the delaminated particles in the film defining the 
reinforced polymer. 

[0016] In yet another embodiment, the present invention includes a 

delaminated silicate, nanoplatelet, nanofiber, or nanotube structure coated with a 
coating agent and substantially singly dispersed apart from each other. 
[0017] In still another embodiment, the present invention includes 

delaminated particle-polymer nanocomposite comprising delaminated particles of 
silicate, nanoplatelet, nanofiber, or nanotube structures coated with a coating agent 
and dispersed in a polymer. 

[0018] Further aspects, features, and advantages of the invention will become 

apparent from consideration of the following description and the appended claims 
when taken in connection with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0019] Figure 1 is a perspective view of a schematic representation of 

diffusing aggregated particles of natural silicate, nanoplatelet, nanofiber, or nanotube 

structures by a coating agent solubilized in a supercritical fluid; 

[0020] Figure 2a is a cross-sectional view of a conceptual image of 

aggregated particles of silicate, nanoplatelet, nanofiber, or nanotube structures 
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before processing with a coating agent in a supercritical fluid in accordance with one 
embodiment of the present invention; 

[0021] Figure 2b is a cross-sectional view of a conceptual image of the 

particles when diffused with a coating agent in a supercritical fluid; 
[0022] Figure 2c is a cross-sectional view of a conceptual image of the 

particles after depressurization from supercritical conditions; 

[0023] Figure 3 is a side view of a system for delaminating aggregated 
particles of silicate, nanoplatelet, nanofiber, or nanotube structures in accordance 
with one embodiment of the present invention; 

[0024] Figure 5 is a plot of x-ray diffraction patterns of untreated and treated 

particles of silicate, nanoplatelet, nanofiber, or nanotube structures having different 
amounts of coating agent; 

[0025] Figure 4 is a plot of x-ray diffraction patterns of treated particles with a 

supercritical fluid having a coating agent at different molecular weights; 

[0026] Figure 6 is a plot of x-ray diffraction patterns of untreated and treated 

particles with a coating agent and mixed with an immiscible polymer; and 

[0027] Figure 7 is a schematic diagram of a process for mixing delaminated 

particles to prepare reinforced polymers. 

DETAILED DESCRIPTION OF THE INVENTION 
[0028] An example of the present invention comprises a method of 

delaminating aggregated particles with a coating agent solubilized in a substantially 

supercritical fluid, e.g., a supercritical fluid or a near-critical fluid. The method 

comprises providing aggregated particles and providing the coating agent solubilized 
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in the substantially supercritical fluid. In one embodiment, the aggregated particles 
comprise natural layered silicate, layered nanoplatelet, aggregated nanofiber, or 
aggregated nanotube structures. Suitable particles for use in the present invention 
has one or more of the following properties: layered or aggregated individual 
particles in powder form having a size between about 2nm and 1mm, a specific 
gravity of about 1 to 4, and perpendicular space between each other of about 2 to 30 
angstroms. 

[0029] As is known, if a substance is heated and is maintained above its 
critical temperature, it becomes impossible to liquefy it with pressure. When 
pressure is applied to this system, a single phase forms that exhibits unique 
physicochemical properties. This single phase is termed a supercritical fluid and is 
characterized by a critical temperature and critical pressure. Supercritical fluids 
have offered favorable means to achieve solvating properties, which have gas and 
liquid characteristics without actually changing chemical structure. By proper control 
of pressure and temperature, a significant range of physicochemical properties 
(density, diffusivity, dielectric constants, viscosity) can be accessed without passing 
through a phase boundary, e.g., changing from gas to liquid form. 
[0030] As is known, a near critical fluid may have a parameter such as a 
pressure or a temperature slightly below the pressure or the temperature of its 
critical condition. For example, the critical pressure of carbon dioxide is 73.8 bar 
and its critical temperature is 301 K. At the given temperature, carbon dioxide may 
have a near critical pressure of between about 3.0 bar and 73.7 bar. At a given 
pressure, carbon dioxide may have a near critical temperature of between 100K and 
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300K. A fluid at its near critical condition typically experiences properties such as 
enhanced compressibility and low surface tension to name a few. 
[0031] The substantially supercritical fluid of the present invention is 
preferably a supercritical fluid. The supercritical fluid is preferably carbon dioxide 
which may exist as a fluid having properties of both a liquid and a gas when above 
its critical temperature and critical pressure. Carbon dioxide at its supercritical 
conditions has both a gaseous property, being able to penetrate through many 
materials and a liquid property, being able to dissolve materials into their 
components. Although the supercritical fluid is preferably carbon dioxide, the 
supercritical fluid may comprise other suitable fluids such as methane, ethane, 
nitrogen, argon, nitrous oxide, alkyl alcohols, ethylene propylene, propane, pentane, 
benzene, pyridine, water, ethyl alcohol, methyl alcohol, ammonia, sulfur 
hexaflouride, hexafluoroethane, fluoroform, chlorotrifluoromethane, or mixtures 
thereof. 

[0032] It is understood that the substantially supercritical fluid is preferably a 

supercritical fluid. However, a near-critical fluid may be used in lieu of the 
supercritical fluid which is referred to hereafter. 

[0033] A coating agent in accordance with the present invention comprises 
compounds which can be solubilized in the supercritical fluid to diffuse between the 
layered silicate, layered nanoplatelet, aggregated nanofiber, or aggregated nanotube 
structures. Generally, the coating agent may include polymers, oligomers, 
monomers, and oils or mixtures thereof soluble in the supercritical fluid. In one 
embodiment, the coating agent is poly-(dimethylsiloxane) ("PDMS") having a weight 
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average molecular weight of preferably between about 500 and 300000. Other 
suitable coating agents may be used such as poly- (tetrafluoroethylene-co- 
hexafluoropropylene), poly-(perfluoropropylene oxide), poly-(diethylsiloxane), poly- 
(dimethylsilicone), poly-(phenylmethylsilicone), perfluoroalkylpolyethers, 

chlorotrifluoroethylene, and bromotrifluoroethylene, poly (vinly methyl ether) (PVME), 
polyethers. 

[0034] The aggregated particles and the coating agent are preferably placed 
in a compartment of a high-pressurized vessel isolatable from the atmosphere. In 
this embodiment, the aggregated particles comprise about 10 to 90 weight percent 
and the coating agent comprises about 90 to 10 weight percent of material placed in 
the vessel. The weight ratio of aggregated particles to coating agent is preferably at 
least about 1:10. Then, the compartment is sealed off from the atmosphere. The 
compartment may be isolated by any conventional means. 

[0035] When carbon dioxide is used, high-pressurized carbon dioxide is then 
introduced into the compartment and is pressurized in the vessel to above about 
7.24MPa to 70MPa, and preferably to above about 7.58MPa. Then, heat is applied 
to the vessel to heat the vessel to a temperature above about 35 to 150 degrees 
Celsius, and preferably to above about 70 degrees Celsius. These conditions define 
a supercritical condition of carbon dioxide whereby the coating agent solubilizes in 
the supercritical carbon dioxide. However, other ranges may be used for other 
supercritical fluids without falling beyond the scope or spirit of the present invention. 
Pressurizing and heating the particles with the supercritical fluid may be 
accomplished by any conventional means. 

10 



Attorney Docket No. 101 14-018 

[0036] When the coating agent solubilizes in the supercritical fluid, the coating 
agent diffuses between the aggregated particles, defining contacted particles. It is to 
be understood that the term "diffuses" mentioned above may be equated to 
"expands" or "swells" with respect to the coating agent and the aggregated particles. 
In this embodiment, the vessel is heated by any conventional heating jacket or 
electrical heating tape disposed about the vessel. Moreover, diffusing the coating 
agent between the aggregated particles includes maintaining diffusion for between 
about 10 minutes to 24 hours at supercritical conditions and preferably 3 hours, to 
produce contacted particles. 

[0037] The method further comprises catastrophically depressurizing the 
contacted particles to precipitate the coating agent from the supercritical fluid and to 
deposit the coating agent on the contacted particles, defining delaminated particles. 
During catastrophic depressurization, the supercritical fluid expands which 
mechanically intercalates the aggregated particles and the coating agent precipitates 
from the depressurized fluid onto the layers. After catastrophic depressurization, the 
contacted particles are exfoliated such that the particles are substantially 
delaminated and disordered, preventing reaggregation of the structures. 
[0038] In this embodiment, the "intercalation" of the particles is understood to 
mean when the coating agent or supercritical fluid moves into the gallery spacing 
between the particles, but causes less than about 20-30A of separation between the 
particles. Moreover, it is also to be understood that "exfoliation" or "delamination" 
occurs when the coating agent or supercritical fluid further separates the clay 
platelets by at least about 80A. 

11 
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[0039] In this embodiment, depressurizing comprises immediately 

depressurizing the vessel down to a considerably lower pressure, preferably ambient 
pressure. This may be accomplished in a time period of between about 5 and 30 
seconds, and preferably 15 seconds. The pressure decrease may be accomplished 
by opening the compartment to the atmosphere. In this embodiment, as 
depressurizing occurs, heating is stopped, thus lowering the temperature of the 
particles. As immediate depressurization occurs, the particles are delaminated or 
substantially singly dispersed apart from each other. 

[0040] Although not wanting to be limited to any particular theory, it is 

believed that the low viscosity and high diffusivity of the supercritical fluid allows the 
coating agent solubilized therein to become disposed or intercalated between the 
particles during supercritical conditions, providing an increase in interlayer spacing 
therebetween. It is further believed that, upon depressurization, the supercritical 
fluid disposed interstitially between the particles force the particles to exfoliate or 
delaminate from each other, and the coating agent previously solubilized in the 
supercritical fluid precipitates therefrom to deposit on the contacted particles, 
preventing reaggregation of the structures. That is, the coating agent precipitates 
from the supercritical fluid and attaches to each of the delaminated particles. Thus, 
a substantially uniformly dispersed amount of delaminated particles results. 
[0041] Thereafter, the delaminated particles may be prepared for use in 

several applications. For example, the delaminated particles may be mixed or 
incorporated with a polymer to form a particle-polymer nanocomposite having high 
surface area contact between the particles and the polymer. The particle-polymer 
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nanocomposites may comprise between about 0.1 and 40 weight percent of the 
particles of silicate, nanoplatelet, nanofiber, or nanotube structures. Moreover, the 
particles contained in the particle-polymer nanocomposites have a relatively high 
surface area to weight ratio. The high surface area substantially enhances the 
polymer by an increase in interfacial interactions while having little added weight. It 
has been found that polymers reinforced with delaminated particles of silicate, 
nanoplatelet, nanofiber, or nanotube structures provide substantially increased 
chemical resistance, heat conductivity, barrier, fire retardancy, and mechanical 
properties along with lower manufacturing time and cost. 

[0042] The polymer may be any suitable polymer, such as the following 
plastics: polyvinyl chloride (PVC), polyethylene terephthalate, polyacrylonitrite, high 
density polyethylene (HDPE), polyethylene terephthalate (PETE), polyethylene 
triphallate (PET), polycarbonate, polyolefins, polypropylene, polystyrene, low density 
polyethylene (LDPE), polybutylene terephthalate, ethylene-vinyl acetate, acrylic- 
styrene-acrylonitrile, melamine and urea formaldehyde, polyurethane, acrylonitrile- 
butadiene-styrene, phenolic, polybutylene, polyester, chlorinated polyvinyl chloride, 
polyphenylene oxide, epoxy resins, polyacrylics, polymethy! methacrylate, acetals, 
acrylics, amino resins cellulosics, polyamides, phenol formaldehyde, nylon, or 
polytetrafluroethylene. 

[0043] Particle-polymer nanocomposites such as those described above may 

be manufactured by disposing the delaminated particles and the polymer using 
processing. The processing may be performed using a conventional mixer, 
extruder, injection molding machine, fiber spinning, compounding, solvent casting 
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known in the art which has been used to mix finely divided reinforcing particles with 
polymer to form a particle-polymer nanocomposites. 

[0044] Figure 1 depicts a schematic representation of aggregated particles 

110 of layered nanoplatelet structures prior to diffusing a coating agent in the 
supercritical fluid between the particles and after diffusing coating agent in the 
supercritical fluid between the aggregated particles. Figure 1 shows aggregated 
particles 112 with affinity via weak bonds 120 therebetween. After solubilizing in the 
supercritical fluid, the coating agents 123 diffuse between the aggregated particles 
112. This may also be referred to as "swelling" or "expanding" the particles of 
layered nanoplatelet structure with the supercritical fluid to intercalate the coating 
agent between the particles. As shown, coating agent diffusion or swelling between 
the particles increases, as coating agent concentration increases within the 
supercritical fluid. 

[0045] Figures 2a-2c illustrate conceptual images of supercritical fluid 

processing of aggregated particles of silicate or nanoplatelet structures. Figure 2a 
depicts aggregated particles 210 before being diffused by the coating agent in the 
supercritical fluid. As mentioned, the particles 210 are held together by chemical 
bonds. Figure 2b illustrates contacted particles 220 diffused by the coating agent 
224 in the supercritical fluid 222 between the contacted particles. Figure 2c depicts 
delaminated particles 230 after catastrophic depressurization wherein the coating 
agent 224 is precipitated from the depressurized fluid 222 and deposited on the 
delaminated particles 230. 
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[0046] As shown in Figure 3, the method mentioned above may be completed 
with the use of a number of apparatus. In this embodiment, a system 310 comprises 
a high-pressurized vessel 312 with a heating jacket 314 and temperature controller 
316. The vessel 312 may be any conventional pressure vessel configured to receive 
aggregated particles and a coating agent 313, preferably but not necessarily in a 
porous membrane 317, and supercritical fluid from any conventional source. The 
vessel 312 has the capability of maintaining high pressure and high temperature 
therein. In a preferred embodiment, the vessel 312 comprises an isolatable 
compartment 318 which receives aggregated particles and the coating agent 313 
and vents to the atmosphere by any suitable means such as a ball valve. The 
system 310 may further comprise a removable top 320 to allow placement of the 
aggregated particles and the coating agent in the vessel 312. Thus, the removable 
top 320 may comprise a ring and security clamps 322 for securing the top to the 
vessel. The system 310 may further comprise piping means for a supercritical fluid 
inlet 323 and a supercritical fluid outlet 325. Moreover, the system may also include 
any suitable depressurization mechanism such as a blow-off valve 326 capable of 
releasing pressure from the vessel. The source of supercritical fluid may be any 
conventional fluid source such as a high-pressure gas cylinder containing the fluid of 
choice. 

[0047] Figure 4 illustrates plots of x-ray diffraction patterns 410 of treated and 

untreated depressurized aggregated particle samples (Na+-montmorillonite). Clay to 
coating agent As shown, pattern 412 of untreated aggregated particles without the 
coating agent (PDMS) provides a well-defined peak indicating a substantially 
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ordered structure. On the other hand, patterns 414, 416, and 418 of treated 
delaminated particles provide diffraction patterns, indicating a disordered 
morphology. Pattern 414 is a plot of the x-ray diffraction pattern of delaminated 
particles with PDMS at a weight average molecular weight of 1 70300. Pattern 41 6 is 
a plot of the x-ray diffraction pattern of delaminated particles with PDMS at a weight 
average molecular weight of 90200. Pattern 418 is a plot of the x-ray diffraction 
pattern of delaminated particles with PDMS at a weight average molecular weight of 
38900. 

[0048] Figure 5 illustrates plots of x-ray diffraction patterns 510 of untreated 

and treated depressurized particle samples (Na+-montmorillonite) with varied 
amounts of the coating agent in a supercritical fluid. The processing periods (3 
hours) and the PDMS weight average molecular weight (38900) were kept constant. 
As shown in Figure 5, broader peaks and decreased ordered structures are 
generally observed as the amounts of the coating agent are increased. Pattern 512 
is a plot of the x-ray diffraction pattern as received Na+-montmorillonite and pattern 
514 is a plot of the x-ray diffraction pattern without coating agent. Patterns 516, 518, 
520, 522, and 524 are plots of the x-ray diffraction patterns using PDMS at 
increasing amounts of 5% wt, 10% wt, 30% wt, 50% wt, and 95% wt PDMS, 
respectively. Thus, Figure 5 indicates that increasing the PDMS loads provides an 
increased disordered morphology. 

[0049] As mentioned above, a mixer or a processing system may be used to 
mix the delaminated particles with a polymer to form a particle-polymer 
nanocomposites. It is to be noted that it has been unexpectedly found that the 
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delaminated particles may be mixed with any polymer regardless of the miscibility of 
the coating agent with a host polymer. For example, in one embodiment, the coating 
agent is PDMS. Moreover, poly-(vinyl methyl ether) (PVME) is a polymer known in 
the art to be immiscible with PDMS. However, when the delaminated particles with 
a PDMS coating agent is mixed with PVME, the delaminated particles are 
substantially uniformly dispersed within the polymer. 

[0050] Figure 6 illustrates a plot of x-ray diffraction patterns 610 of untreated 

and treated aggregated particle samples (Na+-montmori!lonite) with PDMS, PVME, 
and a supercritical fluid. Pattern 612 is a plot of the x-ray diffraction pattern of 
untreated particle samples as received. Pattern 614 is a plot of the x-ray diffraction 
pattern of the particle samples after being coated with PDMS first and mixed with 
PVME in the presence of supercritical fluid. Although PDMS and PVME are 
immiscible with each other, Figure 6 shows that the efficiency of exfoliations is not 
affected by using both PDMS and PVME to treat the particle samples. Thus, it has 
been unexpectedly found that the miscibility of the coating agent with a host polymer 
is not substantially relevant to achieve exfoliation of the particle sample. 
[0051] It is also to be noted that the mixer may be any conventional system, 

e.g., an extruder or injection molding machine, configured to receive delaminated 
particles and a polymer into which the delaminated particles are mixed and by 
means of which a particle-polymer nanocomposites is produced. The particles may 
be mixed by one or a combination of the following processes: extruding, molding, 
melt mixing, solution casting, compounding, fiber spinning, supercritical fluid 
processing or combinations thereof. 

17 
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[0052] After mixing, the reinforced polymer may undergo further property 
enhancement processes. In one embodiment, the method may include a process of 
applying an external field on the reinforced polymer to orient the delaminated 
particles uniaxially or multiaxially therein. The process of applying an external field 
may include any suitable means such as shear flowing, extensional flowing, 
mechanical procuring, electrical field procuring, magnetic field procuring, or 
combinations thereof. Applying an external field provides orientation of the 
delaminated particles in an uniaxial or a multiaxial configuration to further enhance 
properties of the reinforced polymer, e.g., sealant or barrier properties. 
[0053] For example, Figure 7 schematically illustrates a process 710 of mixing 

delaminated particles within a polymer and then applying an external field to the 
resulting reinforced polymer. As shown, delaminated particles 713 and 
thermoplastic resins 716 are deposited in hopper 720 to feed extruder 723. The 
particles and resins are mixed in extruder 723 and are shaped based on the 
configuration of shaping die 726. In this embodiment, the delaminated particle- 
polymer nanocomposites are formed into a film 730. The film 730 then undergoes a 
shear flowing process 733 to shear the film and orient the delaminated particles 
within the polymer as indicated by reference numeral 736. 

[0054] In use, the particle-polymer nanocomposites may be applied to form 

interior and exterior parts of a vehicle, e.g., interior trim panels, while requiring less 
weight than a typical vehicle part made by prior art technology. The particle-polymer 
nanocomposites of the present invention allows parts to be relatively lighter in weight 
than previous parts, while providing the same or better mechanical properties. 
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Moreover, the particle-polymer nanocomposites containing the delaminated particles 
experiences increased thermal conductivity of the polymer. The particle-polymer 
nanocomposites also enhances fire retardation. Additionally, due to the dimensional 
features of the particles, barrier properties of polymers are also enhanced, providing 
increased resistance to permeation. This provides the capability of using such 
particle-polymer nanocomposites as barrier products, e.g., fuel tanks. Furthermore, 
also due to the dimensional features of the particles, scratch resistant properties of 
polymers are enhanced, providing less manifestation of marks or scores placed on a 
product of the present invention. 

[0055] Also, the delaminated structure in accordance with the present 

invention may be used in other applications, in addition to polymer reinforcement. 
For example, the delaminated particles may be used in catalyst supports and 
anisotropic colloidal particles, to name a few. 

[0056] It is to be noted that a near-critical fluid may be used in replacement of 

the supercritical fluid discussed above. It is also understood that substantially 
supercritical fluids may include near-critical fluids or supercritical fluids. 



19 



Attorney Docket No. 10114-018 

EXAMPLE 

[0057] This example provides a method of delaminating aggregated particles 
of natural silicate, nanoplatelet, nanofiber, or nanotube structures to be used in 
enhancing the properties of polymers. In this example, a sample of clay silicates 
Na+-montmorillonite in dry powdered form, high-pressurized carbon dioxide gas, and 
a sample of PDMS at 38900 weight average molecular weight were provided. The 
sample of clay silicates (Cloisite Na+) were provided by Southern Clay Products. 
Cloisite Na+ is a natural montmorillonite with cation exchange capacity of 
92.6meq/100g clay. The sample comprised about 2.0 grams of 0.5 to 4 //m sized 
clay silicates. The clay silicates comprised layered particles having perpendicular 
spacing between each other of about 10 to 15 angstroms. The weight ratio of the 
particles to PDMS was about 1:1. The samples of clay silicates and PDMS were 
placed in a glass vial. A porous membrane was used as a lid to close the glass vial. 
The glass vial containing the clay silicates and the PDMS was placed in a 100- 
milliliter high-pressure single compartment vessel. The vessel was capable of being 
isolated from the atmosphere by security clamps and ring. The vessel was in fluid 
communication with the high-pressure carbon dioxide by way of piping means and 
limited by valves. A heating jacket was disposed about the vessel to achieve and 
maintain the critical temperature of carbon dioxide. 

[0058] When the vessel was isolated, the high-pressurized carbon dioxide 
was introduced therein and maintained at about 7.58MPa. Then, the vessel was 
heated to about 70 degrees Celsius at which the supercritical conditions of carbon 
dioxide were achieved and maintained for about 3 hours, thereby solubilizing the 
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PDMS in the carbon dioxide and diffusing between the particles with the PDMS 
within the supercritical carbon dioxide. 

[0059] After about 3 hours, the vessel was immediately depressurized at a 

rate of about 3 milliliters per second, thus catastrophically lowering the pressure 
within the vessel. This was accomplished by opening a connected blow-off valve of 
the vessel. As a result, delaminated particles were formed having PDMS 
precipitated out and deposited about the delaminated particles. 
[0060] While various embodiments for carrying out the invention have been 

described in detail, those familiar with the art to which this invention relates will 
recognize various alternative designs and embodiments for practicing the invention 
as defined by the following claims. 
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